We have experimentally studied the propagation behaviors of light pulses in an electromagnetically induced transparency ͑EIT͒ medium. Both phase variation in different parts of a pulse and distortion of the pulse shape are observed. The consistency between the experimental data and theoretical predictions is satisfactory. Our study explains the physical origins of the phase variation and the shape distortion, shows that the phase variation should be taken into consideration in applications utilizing the EIT scheme in which two-photon detuning must exist, and provides better understanding of the propagation behavior of the slow light. DOI: 10.1103/PhysRevA.74.063807 PACS number͑s͒: 42.50.Gy, 32.80.Qk Light is an excellent carrier of information. The ability to control light is important in both classical and quantum communications ͓1,2͔. In recent years, a light pulse has been slowed down and even stored in media with the effect of electromagnetically induced transparency ͑EIT͒, and this has attracted much attention and provided us a new way to manipulate the behavior of light ͓3-11͔. Furthermore, it has been shown that the slow-light effect can greatly enhance optical nonlinearities at the low light level ͓12-15͔, and has potential applications in the development of low-light-level and single-photon devices, such as all-optical switches ͓16-21͔ and quantum phase gates based on the cross-phasemodulation scheme ͓22-25͔. Coherent transfer of quantum states between single photons and atoms based on the EIT effect has also been demonstrated recently ͓26-28͔. Reference ͓29͔ has theoretically studied the manipulation of the output pulse shape in the process of storage and retrieval. Reference ͓30͔ has provided thorough analysis of bit rate and storage capacity of the EIT scheme. References ͓31,32͔ have theoretically explored the nonlinear propagation behavior of light pulses in EIT media and discussed the possibility of forming slow-light solitons. In this paper, we experimentally studied distortion of the pulse shape and phase variation in different parts of a pulse to provide better understanding of the propagation behavior of slow light.
Light is an excellent carrier of information. The ability to control light is important in both classical and quantum communications ͓1,2͔. In recent years, a light pulse has been slowed down and even stored in media with the effect of electromagnetically induced transparency ͑EIT͒, and this has attracted much attention and provided us a new way to manipulate the behavior of light ͓3-11͔. Furthermore, it has been shown that the slow-light effect can greatly enhance optical nonlinearities at the low light level ͓12-15͔, and has potential applications in the development of low-light-level and single-photon devices, such as all-optical switches ͓16-21͔ and quantum phase gates based on the cross-phasemodulation scheme ͓22-25͔. Coherent transfer of quantum states between single photons and atoms based on the EIT effect has also been demonstrated recently ͓26-28͔. Reference ͓29͔ has theoretically studied the manipulation of the output pulse shape in the process of storage and retrieval. Reference ͓30͔ has provided thorough analysis of bit rate and storage capacity of the EIT scheme. References ͓31,32͔ have theoretically explored the nonlinear propagation behavior of light pulses in EIT media and discussed the possibility of forming slow-light solitons. In this paper, we experimentally studied distortion of the pulse shape and phase variation in different parts of a pulse to provide better understanding of the propagation behavior of slow light.
A typical EIT system consists of a weak probe field and a strong coupling field in a three-level medium. The medium becomes highly dispersive for the probe field due to the EIT effect. With the steep dispersion, the group velocity of the probe pulse can be greatly slowed down. We experimentally studied the propagation behavior of slow-light pulses in cold 87 Rb atoms. The cold atoms were produced by a magnetooptical trap ͑MOT͒. We trapped 10 9 atoms in our MOT as measured by the optical-pumping method ͓33͔. In the experiment, we employed two different diode lasers as the weak probe and strong coupling fields. Both the diode lasers were injection locked by the same external-cavity diode laser. Details of our MOT and EIT system can be found in Ref. ͓19͔ . The probe and coupling fields drove the ͉F =1͘ → ͉FЈ =2͘ and ͉F =2͘ → ͉FЈ =2͘ transitions of the D 2 lines, respectively. Each of the fields passed through an acousto-optic modulator ͑AOM͒ before interacting with the atoms. We controlled the rf power of the AOM of the probe field to produce a Gaussian pulse. The experimental setup and the timing sequence of controlling the measurement procedure are similar to our previous work ͓11͔. In addition, we employed the method of the beat-note interferometer to directly and dynamically measure phase variation in different parts of the pulse. Details of the method of the beat-note interferometer can be found in Ref. ͓35͔ . Figure 1͑a͒ shows the experimental data of the input and output probe pulses as a function of time. The Rabi frequency of the coupling field, ⍀ c , was 0.35⌫ and that of the peak of the input probe pulse, ⍀ p0 , was 0.1⌫, where ⌫ =2 ϫ 5.9 MHz is the spontaneous decay rate of the excited state. We tuned the coupling frequency and the center frequency of the probe pulse resonantly. The relaxation rate of the groundstate coherence in the experimental system is about ͑3±1͒ *Electronic address: yu@phys.nthu.edu.tw FIG. 1. Experimental data in ͑a͒ and ͑b͒ and theoretical predictions in ͑c͒ and ͑d͒. Black and gray solid lines are the input and output probe pulses, respectively; black dashed lines are the Gaussian fits of the output pulses. The 1 / e full widths of the input and output pulses are 6.1 and 6.4 s in ͑a͒; 1.5 and 2.8 s in ͑b͒. ⍀ p0 = 0.1⌫, ⍀ c = 0.35⌫, ␥ = 0.003⌫, and = 3.75⌫ / L. ϫ 10 −3 ⌫ ͓19,34͔. In the figure, the black and gray solid lines are the experimental data of the input and output probe pulses; the dotted line is the Gaussian fit of the output pulse. The 1 / e full widths of the input and output probe pulses are 6.1 and 6.4 s, respectively. The output pulse is slightly broadened and has the group delay time of about 1.4 s. Figure 1͑b͒ shows typical data where the shape of the output pulse is significantly broadened and asymmetrical with a long tail. All the experimental conditions of Fig. 1͑b͒ were the same as those of Fig. 1͑a͒ except the width of the input pulse was shorter by fourfold. The 1 / e full widths of the input and output probe pulses are 1.5 and 2.8 s, respectively. We notice that the group delay time or the lag time between the output and input pulse peaks in Fig. 1͑b͒ is 1.0 s and less than that in Fig. 1͑a͒ under the same ⍀ c . This discrepancy between the two measured lag times is due to the shape distortion of the probe pulse in Fig. 1͑b͒ .
We analyzed the probe pulse propagation in the threelevel ⌳-type EIT system, formed by the probe and coupling fields driving the transitions of ͉1͘ → ͉3͘ and ͉2͘ → ͉3͘, respectively. The Maxwell-Schrödinger equation of the probe pulse is given by 1 c
where ⍀ p ͑x , t͒ is the Rabi frequency of the probe pulse, 31 is the slowly varying amplitude of the optical coherence of the probe transition, =3
2 N⌫ / ͑8͒, N is the number density of the atoms, is the wavelength of the light, and ⌫ is the angular natural linewidth of the excited state ͉3͘. In this experiment, the spontaneous decay rates of ͉3͘ → ͉1͘ and ͉3͘ → ͉2͘ are both equal to ⌫ / 2. The optical Bloch equations of the slowly-varying amplitudes of the density-matrix elements, ij , are given by ͓36,37͔ 
where the ij 's are functions of x and t, ␥ is the relaxation rate of the ground-state coherence, ⌬ c is the detuning of the coupling field, ⌬ p is that of the center frequency of the probe pulse, and ⍀ c * and ⍀ p * are the complex conjugates of ⍀ c and ⍀ p . We first considered the case of ⌬ c = ⌬ p = 0. Figures 1͑c͒  and 1͑d͒ show the results from the numerical calculation of the above equations. In the calculation, we used the ⍀ c and ␥ that were determined experimentally ͓19͔; was adjusted such that the group delay time of the predicted data in Fig.  1͑c͒ is the same as that of the measured data in Fig. 1͑a͒ . We set L / ⌫ = 3.75, where L is the optical path length of the atom cloud. The experimental data are in agreement with the theoretical predictions.
The shape distortion of the output EIT pulse is discussed below. A pulse can be considered as the superposition of plane waves of different frequencies. Each plane wave propagates through the highly dispersive and slightly absorptive EIT medium. The output plane wave acquires a factor of e ͑2/͒͑−n I +in R ͒L , where n R and n I are the real and imaginary parts of the refractive index of the medium, and cause the phase shift and the attenuation of the plane wave. The refractive index relates to 31 as
The steady-state 31 in the ⌳-type EIT system is given by
where 0 is the resonance frequency of the probe transition and − 0 is the probe detuning. The above result is obtained by treating the probe field as the perturbation. 31 can be represented by the following expansion series:
where L is the center frequency of the probe pulse. We consider the case of L = 0 and ⌬ c = 0, and make the reasonable assumptions that ⍀ c 2 ӷ⌫␥ and ⌫ӷ␥. The amplitude attenuation coefficient as well as the phase shift of the plane wave is given by
͑10͒
A Gaussian pulse of ⍀ p0 e −t 2 / 2 has a frequency spectrum of e −͑ − L ͒ 2 2 /4 . After passing through the EIT medium, the output Gaussian pulse becomes
͑11͒
The above integration shows that the real-number constant term of Eq. ͑10͒ results in uniform attenuation; the imaginary ͑ − L ͒ term gives the group delay; the realnumber ͑ − L ͒ 2 term causes the broadening of the pulse width; the imaginary ͑ − L ͒ 3 term produces the asymmetrical pulse shape with a long tail. Figure 2 illustrates the ef-fects of the different terms in Eq. ͑10͒. The real-number ͑ − L ͒ 2 term represents the EIT bandwidth of the absorption. Because L = 0 , a plane wave or a component of a pulse with a frequency farther away from the central frequency or the resonance frequency suffers more attenuation. The frequency spectrum of the output pulse becomes narrower due to the EIT bandwidth and, hence, the output pulse width is broadened in the time domain. The imaginary ͑ − L ͒ term indicates that the phase shift or the phase velocity of each plane wave is a linear function of the frequency and the coefficient of this linear term determines the group velocity of the pulse. The imaginary ͑ − L ͒ 3 term shows that the phase shift or the phase velocity also depends on the frequency cube and this nonlinear dependence causes the asymmetry of the pulse. The negative or positive coefficient of the ͑ − L ͒ 3 term gives the long tail or head of the pulse. In our case, the coefficient is negative and the output pulse has a long tail.
A greater coupling Rabi frequency can significantly reduce the coefficients of the ͑ − L ͒ 2 and ͑ − L ͒ 3 terms in Eq. ͑10͒. A larger input pulse width can effectively reduce the integration range of these terms in Eq. ͑11͒. Either a greater coupling Rabi frequency or a larger input pulse width can make the terms negligible, and then eliminate shape distortion of the output EIT pulse as demonstrated in Fig. 2͑b͒ . In other words, the EIT bandwidth should be much larger than the frequency span of the probe pulse. From Eq. ͑10͒, we can see that the efficiency of the pulse shape preservation by increasing the coupling Rabi frequency m folds is approximately equivalent to that by increasing the pulse width m 2 folds in the regime that ⍀ c Ͻ⌫.
We next consider a more general case of ⌬ c 0 and
where ⌬ p = L − 0 is the probe or one-photon detuning, ␦ = ⌬ p − ⌬ c is the two-photon detuning, and we use −a 0 + ib 0 to denote the zero-order term and −a 1 + ib 1 to denote the coefficient of the ͑ − L ͒ term. Besides ⍀ c 2 ӷ⌫␥ and ⌫ӷ␥, we further assume that ⍀ c ӷ ␦ and ⌬ p has the same order of magnitude of ⍀ c or is less than ⍀ c in the derivation of the above equation. By replacing ͑2 / ͒͑−n I + in R ͒L in the integral of Eq. ͑11͒ with the zero-and first-order terms of Eq. ͑12͒, the output probe pulse is given by
The first exponential in the above equation is the input Gaussian pulse but delayed by a time of b 1 , the second one indicates the attenuation and the constant phase shift of the entire pulse, and the third one shows that the phase varies in different parts of the pulse if a 1 , Ϸ͑8L⌫ / ⍀ c 4 ͒␦ in our experimental condition, is not negligible or there exists a twophoton detuning. The phase of the output pulse should increase with time at ␦ Ͼ 0 and decrease with time at ␦ Ͻ 0.
In order to verify the prediction of the phase variation of the probe pulse at ␦ 0, we employed the beat-note interferometer to directly measure phases of different parts of the pulse ͓35͔. The probe pulse and a continuous-wave laser field were spatially recombined by a 50/ 50 beamsplitter ͑BS͒ cube. Their frequency difference was fixed at 80 MHz. Two beams emerged from the BS and carried 80-MHz beat notes. The reference beat note was directly received by a photodetector ͑PD1͒; and the probe beat note was received by another detector ͑PD2͒ after propagating through the atoms as shown in Fig. 1 of Ref. ͓35͔. We measured the phase difference of the two beat notes from the detectors. Typical data of the phase measurement can be found in Fig. 2 of Ref. ͓35͔. The constant phase difference 1 between the probe and reference beat notes was first measured in the absence of the atoms. We then measured the phase difference 2 ͑t͒ between the two beat notes in the presence of the atoms under the EIT condition, where the temporal variable t indicates different parts of the probe pulse. The phase shifts of different parts of the probe pulse due to the propagation in the EIT medium are ⌬͑t͒ = 2 ͑t͒ − 1 . are those measured at ␦ = ± 0.0136⌫ ͑80 and −80 kHz͒, respectively. In the experiment, the probe and coupling lasers were injection locked by the same master laser. The frequency stabilization of the master laser ensures that ͉⌬ p ͉ and ͉⌬ c ͉ were less than 0.2⌫. Because ␥ =3ϫ 10 −3 ⌫ in our system, ⌬ p or ⌬ c plays a negligible role in the phase variation as indicated by Eq. ͑12͒. ␦ or ⌬ p − ⌬ c was set by several rf or microwave generators which are stable and precise within 10 kHz. The three solid lines are the theoretical predictions from the numerical calculation of Eqs. ͑1͒-͑6͒. In the calculation, we set L / ⌫ = 4.5 such that the group delay time of the predicted data is the same as that of the experimental data in these measurements; ⌬ c = 0; other parameters are determined experimentally. The vertical scale of the experimental data is shown in the left axis of the figure and that of the theoretical predictions is shown in the right axis. The consistency between the experimental data and theoretical predictions is satisfactory except that there is an offset of about 0.7 radians between them. Part of the offset came from the continuous-wave laser field that produced the beat note with the probe pulse. This field was blue-detuned 13.6⌫ and acquired a phase shift of about −0.16 rad after propagating through the dense atoms. The optical path of the continuouswave laser field or the probe pulse in the absence of the atoms can differ a little from that in the presence of the atoms. This difference of the optical path can explain the remaining of the offset. We also observed that the offset can be different but the distribution pattern of the experimental data is nearly the same as Fig. 3 by slightly changing the overlap between the continuous-wave laser field and the probe pulse.
In conclusion, we have systematically studied the shape distortion and phase variation of light pulses in the EIT media. The experimental data are in agreement with the theoretical predictions. We explain the physical origins of the broadening and asymmetry of the output pulse shape. In order to minimize the shape distortion, the EIT bandwidth should be much larger than the frequency span of the probe pulse. We report the first experimental study of the phase variation in different parts of an EIT pulse. The phase variation results from the two-photon detuning. There are proposals of phase modulation of light pulses with the EIT scheme in which the two-photon detuning must exist; e.g., Ref. ͓22͔. Our work shows that the phase variation is a very important issue and should be taken into consideration in practical applications of those proposals. This work was supported by the National Science Council of Taiwan under NSC Grant No. 94-2112-M-007-003. 
